The aim of this study was to produce sheets of microwave absorbing materials using conductive polyaniline dispersed in a silicone rubber matrix and to characterize the electromagnetic properties (absorption, transmission and reflection of electromagnetic energy; and electric permittivity and magnetic permeability) of these sheets in the X-band (8 -12 GHz). Two sheets were produced: one 2.80 mm thick and the other 4.39 mm thick. The thinner sheet absorbed incident microwave energy more efficiently, attenuating up to 88% of the incident electromagnetic energy. Also, calculations were performed in order to determine the electromagnetic parameters that optimize the absorbent properties of these sheets. These calculations showed that these materials can be combined and altered to produce absorbing materials with a wide range of absorbing characteristics.
Introduction
In general terms, it is possible to describe the interaction of an electromagnetic wave with microwave absorbing materials (RAM's) as a phenomenon where the electromagnetic energy is transformed into thermal energy 1, 2 . According to the principle of energy conservation, the electromagnetic wave impinging on a material can be reflected, attenuated or transmitted through the material. The response of the material to the wave depends on its intrinsic characteristics 3, 4 ; the absorption of energy by the material does not necessarily means that the material will heat up, sometimes the opposite can occur, i. e., the material can cool down.
To produce a RAM, it is necessary to select a matrix material (insulating polymer, porous substrate, etc.) that will act as a support for an energy absorbing center. The absorbing center may consist of, for example, a conducting polymer with good mechanical and chemical properties and whose electrical conductivity can be modulated 5 . The behavior of conducting polymers illuminated by electromagnetic radiation in the X-band (8 -12 GHz) has been studied to understand how the conductivity of these polymers affect the absorption of electromagnetic energy and how these materials can be used in the production of RAM's [6] [7] [8] [9] . The electric permittivity (ε) and magnetic permeability (µ) are parameters related to the dielectric and magnetic properties of a material, and directly associated to their absorbing characteristics [10] [11] [12] [13] [14] . The relative permittivity and permeability are represented by Equations 1 and 2, respectively; the values of these parameters are calculated from the experimental values of the transmission and reflection coefficients of the material.
In these equations, the primed and double-primed symbols denote real and imaginary components. When the material is lossy, the permittivity and permeability of are complex and some of the incident electromagnetic energy is dissipated 15, 16 . In the case of a magnetic material, losses are produced by changes in the alignment and rotation of the magnetization spin 3, 10, 17, 18 . When an electromagnetic wave illuminates a dielectric material, there is the formation of electric dipoles which align in the direction of the applied field, and the dipole alignment is directly related to the absorption of electromagnetic energy 10, 13 . The real component of the permittivity is associated with the ability of the material to store energy, while the complex component is responsible for energy dissipation. The use of polyaniline as an energy absorbing center allows the production of dielectric RAM's with negligible magnetic permeability. Using a simple physical model, one can say that dielectric materials behave as an electric circuit consisting of capacitors in parallel with resistors 13, 19, 20 . The knowledge of how to process materials and combine components, additives, and polymer matrices are decisive factors in the final properties of the RAM 21 . Therefore, the aim of this work was to measure the dielectric parameters of sheets produced by mixing polyaniline with silicone rubber. The properties of the sheets were analyzed in the X-band in order to determine the transmission, absorption and reflection coefficients of the material and also its electric permittivity and magnetic permeability. Analytical calculations were performed to determine the absorbing characteristics of the sheets for different thicknesses and when used in combination.
Materials and Methods

Chemical procedures
The energy absorbing center (conductive polyaniline) of the RAM was processed first. This polymer was produced chemically and in laboratory scale. The conductive form of polyaniline (green color -emeraldine salt-powder form) was prepared from aniline and by the action of the oxidizing agent ammonium peroxydisulfate in an acidic reaction medium (dodecylbenzenesulfonic acid -DBSA). Following, the doped polyaniline powder was added to a matrix composed of either one of two types of silicone rubber, L9000 and RTV630 (GE Silicones). The mixture was homogenized by mechanical agitation, and the processed materials were poured into 30 × 30 cm molds and dried at 70 °C overnight. Two different sheets were obtained; the sheet produced with L9000 silicone rubber had a thickness of 2.80 mm, and the one produced with RTV630 silicone rubber was 4.39 mm thick.
Electromagnetic evaluation
The electromagnetic properties of the sheets were analyzed using the waveguide technique (closed system) in the frequency range 8 to 12 GHz (X-band). A rectangular wave guide was coupled to a vector network analyzer (model 8510C, Agilent ® Technologies) connected to an S-parameter test Hewlett-Packard ® 8510A (45 MHz -26 GHz) and a synthesized frequency generator Hewlett-Packard ® 8340B (45 MHz -26 GHz). The setup used for the measurements is shown in Figure 1 .Small samples (about 2 cm 2 ) were cut from the sheets and inserted into the waveguide. The complex electromagnetic parameters, (permittivity and permeability) were obtained from the measured values of the S-parameters 22 (reflection and transmission coefficients, S 11 /S 22 and S 12 /S 21 , respectively) using a commercial software specifically designed for this task (Agilent ® Technologies). The attenuation of the incident radiation by the RAM's was obtained from the difference between the reflectivity of an aluminum plate (reference material, alloy 2024) and that of the same aluminum plate covered with the RAM.
Analytical formulas for reflectivity of RAM's.
In the case of single-layer RAM's, a layer of absorbing material is placed in contact with a metal plate (Figure 2 ). The absorbing characteristics of the RAM can be varied by changing the thickness of the absorbing materials and their electromagnetic properties (permeability and permittivity).
The reflectivity of electromagnetic energy of a single-layer RAM as function of frequency can be calculated using the following equation 10 :
In the above equations, µ and ε are, respectively, the complex permeability and permittivity of the absorbing material, k is the wave number, f is the frequency of the incident electromagnetic wave, c is the speed of light in vacuum, and d is the thickness of the absorbing layer. Both the permeability and permittivity may vary with frequency.
Two or more layers of absorbing material can be stacked (Figure 3 ) in order to improve the overall performance of the RAM.
The reflectivity of electromagnetic energy by a two-layer RAM can be calculated using the following equation 10 :
tanh( = +
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Results and Discussion
In Figure 4 are shown the results derived from S-parameters measurements (reflected, transmitted and absorbed electromagnetic energy) as a function of frequency for the two single-layer RAM's produced in this study. Figures 4 a and b show that both materials behave in a similar way; the absorbed, reflected and transmitted energies vary approximately linearly with frequency. Also, for both materials, the value of absorbed energy increased by about 10% with frequency in the frequency range of the measurements. The maximum energy absorption, which was measured at 8 GHz, was 18.5 and 16.2% for the materials with 2.80 and 4.39 mm respectively, showing that the thinner material had better absorbing properties. When the reflectivity of these materials were measured using an aluminum back plate (a situation similar to their use in the real world, i.e., RAM's are used to coat metallic objects) the 2.80 mm thick material absorbed 88% of the incident energy at 8 GHz whereas the 4.39 mm thick material absorbed 71% of the incident energy this frequency. Lower values of absorption were obtained for higher frequencies. The behavior of both materials clearly indicates their potential for the production of RAM's, especially for civilian applications. The electromagnetic properties of the absorbing of these materials are shown in Figure 5 . These differences in behavior shown in Figure 5a and b are due to the different matrix compounds (silicon rubbers) used, since the absorbing center (conducting polyaniline) was the same for both materials. For the silicone rubber L9000 (Figure 5a ), the real and imaginary values of the relative permittivity vary from 6.5 to 5.5 and from 2.1 to 1.85; for the silicone rubber RTV630 (Figure 5b ) the real and imaginary relative permittivity vary little with frequency and their average values are about 3.5 and 5.0, respectively. As expected, since the materials were produced using dielectric components, the values of the real and imaginary magnetic relative permeability were approximately 1 and 0, respectively, and did not show any major variation with respect to frequency.
By definition 3, 10 , the real permittivity values are equal or larger than one. In an ideal material with zero dielectric loss, the real and imaginary permittivities are equal to 1 and 0, respectively; in this situation the material does not store (ε' = 1) nor dissipate (ε" = 0) energy. The larger the value of the imaginary component of permittivity the larger is the loss in the material. A material with low dielectric loss can store energy, but will not dissipate the stored energy. On the other hand, a material with high dielectric loss does not store energy efficiently and part of the energy of the incident wave is converted into heat within the material 23 . Based on this information and on the results of Figures 5a and b one is led to the conclusion that the 2.80 mm thick material (silicone matrix L9000) is indeed has the best absorbing properties of the two RAM's produced in this study, as is evidenced by the results depicted in Figures 4a and b .
Based on the experimental data (permittivity and permeability) and on Equation 3 , it is possible to optimize the thickness of the RAM's with respect to the absorption of energy and its intended use. Figures 6a and b show how changes in the thickness affect the ability of the RAM's to absorb energy. The curves in these figures were obtained assuming that the RAM's were used to coat a flat metallic plate (Figure 2) . Another interesting result shown in these figures is the displacement of resonance peak (maximum absorption) as a function of the thickness; note, however, that the absorption amplitude does not vary significantly. These calculations also show the RAM produced with the silicone rubber L9000 absorb electromagnetic energy more efficiently.
The single-layer materials developed in this study can be combined into multi-layer materials to produce RAM's with different absorbing properties. Using the experimental data collected on the single-layer materials, it is possible to simulate the behavior of two-layer RAM's using Equation 5 . Figure 7 shows the results of simulations when these materials are combined in different configurations to produce a material with a total thickness of 10 mm. In these curves, Z1 and Z2 refer to absorbing materials with the same electromagnetic properties of the materials prepared with silicone rubber type L9000 and RTC6300, respectively. The results in Figure 7a were obtained using 2 and 8 mm thick layers; in Figure 7b , both layers were 5 mm thick. It is interesting to observe that the order in which these materials are stacked plays an important role in determining the final properties of the RAM, affecting the amplitude and the position of the resonance peak.
Conclusion
The attenuation pattern of electromagnetic energy by the absorbing materials suggests that the electrical conductivity of these materials is related to the quantity of absorbing centers (conducting polyaniline) and type of polymer matrix (silicone rubber), which modify the impedance of absorbing materials. In absorbing materials, a large fraction of the incident energy must be attenuated, which is a consequence of the equilibrium between electric conductivity and electric losses. The materials produced with conductive polyaniline dispersed in a silicone matrix attenuated the incident radiation up to about 88%, demonstrating that these materials can be used as absorbers of electromagnetic radiation. Also, the analytical calculations demonstrated the importance of optimization tools to produce absorbing materials with the required properties, since variations in the thickness or the combinations of materials with different properties can improve the absorbing qualities of the final material.
Another important characteristic of the materials produced using conducting polyaniline and silicone rubbers is their low density (no larger than 1 g.cm -3 ) compared with conventional absorbers based on ferrites (absorption 10 dB), with densities ranging from 4 to 5 g.cm -3 . The RAM's produced in this study are light, flexible and have good absorbing properties; additionally they are relatively easy and inexpensive to produce. This set of characteristics demonstrates that these materials could be appropriate for a wide range of applications.
